Introduction
A common ecological consequence of economic development is the promotion of some species and the suppression of others [1] . Crops, livestock and positively valued wild species are promoted along with the ecosystems on which they depend. Pests, pathogens and their vectors are suppressed. The ecological context within which such decisions are taken, however, means that there are trade-offs to be made. The promotion of domesticates frequently compromises the existence of wild species. Similarly, the conservation of wild species can threaten domesticates. Aside from competitive or predatory interactions between wild and domesticated species, the susceptibility of both to common pathogens means that either can impact the disease risks faced by the other. A change in disease risk for domesticated species, for example, is among the potential benefits or costs of a change in the abundance of wild disease vectors and host species. The dilution effect explored in several papers in this special issue is an example of the benefits from increasing the richness and abundance of wild reservoirs [2 -5] . Conversely, the transmission of zoonotic and enzootic diseases to domesticated species in proximity to wild reservoirs is an example of the costs. Both may be influenced by the patterns of land-use change associated with economic development and urbanization [2,6 -8] .
In this paper, we consider the relationship between poultry production, waterfowl conservation and the risks posed by highly pathogenic avian influenza H5N1 (henceforth H5N1) in a rapidly developing and urbanizing economy. More particularly, we model the risk of H5N1 outbreaks in both & 2017 The Author(s) Published by the Royal Society. All rights reserved.
poultry and people as a function of land-use change, urbanization, commercial integration, biosecurity and public health in China. H5N1 was first identified in China in 1996, and has since posed a threat to both animal and human health nationally and internationally [9] [10] [11] . The pathogen has spread throughout China, with poultry outbreaks and human infections nearly every year (figure 1), each of which poses a risk to the rest of the world [12] . In addition to a high mortality rate for human cases, infections are fatal to both waterfowl and domesticated birds, thereby having the potential to cause significant ecological and economic damage [13] .
In order to understand H5N1 risks, we consider two sets of risk factors. One is the set of environmental factors that determine the likelihood of contact and pathogen transmission between wild and domesticated birds. The other is the set of socio-economic factors that determine value at risk and hence the biosecurity measures taken to reduce the probability of infection. Among environmental factors, most attention has been focused on the abundance and distribution of wild birds. These factors include vegetation cover, surface water and climate [14] . Less attention has so far been paid to socio-economic factors affecting the abundance and distribution of domesticated poultry, and the biosecurity measures applied in their production and marketing. This is partly due to limitations of the available data. Many socio-economic data are reported at the national level and, unlike biophysical variables, cannot be ascertained by remote sensing, or are not readily disaggregated into finer-grained units. There are, for example, few studies of the role of socio-economic risk factors at provincial (the unit of analysis in this paper) or local scales [14] . Yet many environmental management and public health decisions that affect disease risks are devolved to sub-national levels [15, 16] .
Avian influenza risk factors
High rates of interprovincial inequality 1 across a range of development indicators are a defining feature of economic growth in China (table 1) [17] . Provinces differ greatly in their infrastructure, industrial composition and average income [18, 19] . This unevenness reflects differences in both the distribution of natural resources [20] , and patterns of human -environmental interaction. This is reflected in the existence of distinct 'macroregions' dating back several centuries [21] [22] [23] [24] . As Spence [25] observed, such historical 'units in some cases coincid[e] with actual provinces . . . where combinations of economic and geographic factors gave rise to a kind of local cohesion'. Provincial differences are central to understanding China's development; recent studies have examined a range of issues within the framework of interprovincial inequality, including migration [26] , water flows embodied in commodities trade [27, 28] , energy and embodied carbon flows [29] [30] [31] . Additionally, as this paper will show, China's interprovincial differences have implications for the dispersal and persistence of pathogens [32] . Interspecies transmission of enzootic and zoonotic diseases is in large part driven by human activities that bring susceptible and infected animals into contact, especially at the interface between domesticated and wild systems [33] [34] [35] [36] . At the global scale, there is considerable evidence that the risk of emergence of enzootic and zoonotic pathogens is closely related to development status [37, 38] . Changes in land use associated with economic development bring both people and domesticated animals into closer contact with wild disease reservoirs. Among predisposing ecological conditions for the interspecies transmission of avian influenzas, the most frequently cited factors are the migration and behaviour [42] . Lakes and wetland areas have been cited as points at which migrating waterfowl and domesticated ducks come into contact, leading to the spread of avian influenza [43 -46] . Poyang Lake, the country's largest freshwater lake and an important habitat for migratory waterbirds, is a frequently cited example. A total of 310 species have been recorded in the area and it hosts approximately 1 million wintering birds [47] . At the same time, extensive livestock farming surrounds the lake. Qinghai Lake, China's largest saltwater lake, is another important destination for migratory birds. In 2005, during the first major H5N1 outbreak among wild birds in the area, the population of bar-headed goose dropped by 5-10% [48] . To assess the influence of wild migratory birds, we use the subset of Bird Life International-designated 'Important Bird and Biodiversity Areas' (IBA) for congregatory and migratory waterbirds (figure 2). Both Poyang Lake and Qinghai Lake have been identified under this classification. Similar data were used in an earlier study of H5N1 spread at the national level in Europe [34] .
Aside from lakes and wetlands, agroecosystems are also potentially implicated in disease emergence-the interspecies transmission of infectious epizootic and zoonotic diseases. The geographically uneven pattern of economic development has resulted in similarly uneven patterns of land cover in China [49] . More specifically, land-use changes are argued to have turned particular provinces into 'agro-ecological niches' conducive to the establishment and persistence of H5N1 among both people and livestock [32, 50] . Irrigated rice fields in China are at once habitats for wild birds, ducks, poultry and people, and consequently may increase the probability of interspecies influenza transmission. In particular, free-grazing ducks in rice-cropping areas have been argued to act as a conduit for H5N1 infections [44, 51, 52] .
The relationship between economic development and the risk that novel diseases will spread among domesticated animals or people is less well understood [7, 53, 54] . From an economic perspective, factors affecting spread risks include measures taken by people to alter either the probability of contact between infected and susceptible birds, or the probability that contact leads to infection [55] . These measures in turn depend on the value at risk [55] . Value at risk refers to potential losses, usually accounted for in monetary terms, caused by an outbreak or an epidemic. In the case of H5N1, this includes mass deaths of infected or culled poultry, or the medical costs and lost productivity from human cases [56] . Biosecurity and public health measures adopted to protect value at risk include both measures adopted in the production and distribution of domesticate animals, and the establishment of preventive and curative health institutions aimed at reducing both the likelihood and the impact of infection [57, 58] .
There is some evidence that the growth of public health infrastructure in China has not kept pace with increasing infectious disease risks. For example, immunization of urban populations against common infections is increasing, but not at the rate of urban immigration [58] . Nonetheless, since the first outbreaks of H5N1 and the SARS epidemic, Chinese public health authorities have improved both their responsiveness and effectiveness [10] . The Chinese Center for Disease Control and Prevention (CDC) has a network of institutes across all provinces to prevent and manage epidemics, along with an extensive internet-based surveillance system [10, 58, 59] . As of 2014, there were 3490 CDC institutes in China [60] , implementing an infectious disease surveillance system that is the largest in the world [58, 61] .
At the national level, one proxy for value at risk from human disease is per capita income, and the same measure can be used to signal interprovincial differences. Value at risk from animal diseases is more often measured by the value of trade that may be disrupted as a result of outbreaks. Internationally, the relationship between the growth of trade and travel and disease risk is well understood [62, 63] . Nationally, the trade and travel at risk is harder to measure, but may be proxied by the growth of transport infrastructure such as air, road and rail networks, and of the vehicles that use them. The Pearl River Delta, where H5N1 was discovered, is a prime example: in 1990 there were only 16 km of expressways, but by 2020 there will be over 6100 km [64] . Nationally, highways grew from 1.87 million km to 4.24 million km between 2004 and 2012. As with other indicators, however, road networks vary across provinces, with the more urbanized and affluent coastal provinces, e.g. Guangdong, having a more extensive infrastructure than the less urbanized and affluent inland provinces. A measure of the local trade at risk from H5N1 outbreaks is given by size of the poultry sector, the growth of which is closely related to economic development. As incomes have grown in China, so has the demand for protein. This has led to the expansion and intensification of poultry production. Figure 3 shows that in the period covered by this study, poultry numbers grew at an average rate of 2.95% per year. Nor is the rate of growth slowing significantly. Over the coming decade, per capita consumption of poultry is expected to grow by 2.4% annually [65] . Economic development has been accompanied by the industry's modernization, with poultry farming becoming increasingly concentrated in industrial facilities where production is more standardized and mechanized [66] . At the same time, backyard farming, which was likely the historical socioecological 'engine' of avian influenza emergence and spread in China, has been on the wane [67] .
Data and methods
Our data comprise a balanced panel of provincial observations on a range of risk factors over the interval 2004-2012. The panel allowed us both to explore a range of risk factors, and to analyse the risk consequences of heterogeneity among provinces. The 2004-2012 timeframe was chosen for several reasons. First, 2004 was the year of a major outbreak of H5N1 on the Chinese mainland, likely constituting the re-emergence of the disease, as it is epidemiologically discontinuous from earlier outbreaks in the late 1990s. It was also 1 year after the end of the SARS epidemic, a watershed moment that prompted increased attention to infectious disease risks from policymakers and the general public. The endpoint of 2012 was chosen because it was the year before the emergence and rapid spread of H7N9 in China. This strain is epidemiologically distinct from H5N1, particularly in its effects on poultry and other bird species. The years 2004-2012, therefore, constitute a distinct period in which H5N1 was the primary avian influenza-if not the primary overall infectious disease-threat to livestock and people in China.
Our observations on disease outbreaks and risk factors at the provincial level derive from three primary sources: the United Nations' Food and Agricultural Organization (FAO), the World Organization for Animal Health (OIE) and China's National Bureau of Statistics (NBS). Most data on all environmental and socio-economic risk factors were taken from the annual statistical yearbooks published by the NBS, which provide data down to the provincial level. Poultry comprise all main domesticated bird species: chickens, ducks and geese. Currently, chickens account for 70% of meat production, while ducks and geese each account for about 15% [68] . Data on poultry outbreaks and human cases were gathered from the Emergency Prevention System for Animal Health (EMPRES) reporting system, a joint project of the FAO and OIE [69] . Data on IBAs in China were taken from Bird Life International [70] . Many of these data were in turn subject to unit conversions for the sake of processing and interpretation, e.g. from hectares to square kilometres. Most factors used in the analyses were also converted into density or per capita measurements. Generalized linear models (GLMs) have been frequently used in the study of avian influenza epidemiology [14] . For instance, these models have been used to identify highprobability areas for influenza reassortment [71] , for predicting the spread of H5N1 [32,43 -46,51] , and for predicting the spread of H7N9 [72, 73] . The value of GLMs in epidemiological problems is that they allow tests of the statistical relationships between a numerical or binary dependent variable of disease outbreaks or cases and a set of risk factors. We estimated three GLMs of H5N1 risk in China. The first was a multivariate regression model quantifying the impact on H5N1 poultry outbreaks from the following risk factors: land area; the percentage of land covered by rice paddy; the percentage of land covered by IBAs for congregatory and migratory birds; a proxy for poultry production intensity (the average weight of birds produced for market in the different provinces); and a proxy for interprovincial trade (the density of commercial trucks on highways in the provinces). Land area is a confounding variable. Rice paddy and IBAs are our two hypothesized environmental mixing zones between wild waterbirds and poultry.
To assess whether we needed to control for the time-invariant characteristics of provinces, we conducted a Hausman/overdetermination test for correlation between provincial errors and the regressors, which indicated the equivalence between a random-effects panel analysis approach and a pooled ordinary least squares (OLS) regression. We favoured the random-effects/OLS approach because it allowed us to take explicit account of the influence of interprovincial differences on the likelihood of H5N1 outbreaks. While there were potentially significant temporal changes in risk factors-particularly in poultry numbers and income-we are more directly concerned with how differences across provinces determine the heterogeneity of risk. Relatedly, a randomeffects model estimates the impact of important provincial risk factors that are invariant across our timeframe, in this case IBAs, instead of just controlling for them. Nonetheless, we also report the results for fixed-effects models.
The first estimated model was a multivariate linear regression, estimated using robust standard errors to account for heteroskedasticity:
in which P it denotes the number of poultry outbreaks in province i at time t, x jit is observations on risk factor j in province i at time t, and u it and 1 it are 'between' and 'within' provincial errors, respectively. 2 The second model estimated was focused more directly on risk. Using the same set of risk factors we estimated a negative binomial regression model, in order to calculate incidence rate ratios (IRRs). While both Poisson and negative binomial models are candidates for analysing risk using count data, we selected the negative binomial because the data for poultry outbreaks turned out to be overdispersed-i.e. the variance was much higher than the mean. For Y it Negative binomial (u it , k), the model took the form:
ð3:2Þ
Our third model focused on the linkage between human and poultry cases. Nearly every forensically investigated human case in China identified exposure to infected poultry as the proximate reason for infection [74 -76] . To model this wild bird/environment-to-poultry-to-human sequence of infection, we employed a two-stage least squares (2SLS) regression approach. The epidemiological logic is similar to the study by Chen et al. [77] , which used 2SLS regression to model human mortality from exposure to airborne pollutants in major Chinese cities [77] . The first stage estimated the relationship between poultry outbreaks and the same set of regressors as in model 1 (equation (3.1) ). The second stage was of the general form:
where Y it is the number of human cases, P it is the number of poultry outbreaks and z jit is observations on second-stage risk factor j in province i at time t. Independent risk factors in this stage were human population (confounding variable), per cent urban population, per capita GDP and the number of CDC institutes. These risk factors were chosen because of their direct impacts on human public health. An overidentification test was run, and the resultant Sargan -Hansen test statistic had a p-value of 0.371. This fails the 5% significance test, meaning we fail to reject the null hypothesis of instrument validity, and implies that random-effects regression is appropriate.
Results and discussion
The results of all three models are reported in table 2. In model 1, we found all five risk factors to be statistically significant at the 5% level: land area, the extent of rice cultivation, the extent of IBAs for migratory and congregatory waterbirds, poultry production intensity and commercial truck density on highways. Many of the results conformed to our expectations. Risks were found to be increasing in land area. Larger provinces generally experienced more outbreaks. They were also increasing in our proxy for trade levels, commercial highway traffic density. A 1% change in commercial truck density is associated with a 0.05% increase in H5N1 poultry outbreaks. This result is consonant with other studies of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160126 H5N1 in Asia that have identified transport infrastructure, and particularly highways, as sources of spread risk [43, 52] .
Average poultry weight, our proxy for the intensification of poultry production, was found to have a negative effect. The industrialization of poultry production is an ongoing trend in China, and is progressively reducing the share of small-scale, backyard and other traditional forms of farming. Large-scale and mechanized production, while not without environmental and public health risks [78] , is more insulated from the wildlife-livestock interface of disease transmission-i.e. wild birds carrying influenza are less likely to come into contact with and thereby infect poultry in factory farms. Additionally, the modernization of production also allows it to be more effectively regulated, and Chinese authorities have taken steps in recent years to improve health and safety in poultry production and marketing. The improvements in technology and management that have accompanied the industrialization of the poultry industry, for which poultry production intensification is a proxy, therefore are likely to have a mitigating effect on avian influenza risks [66] .
Our two habitat variables-per cent rice cover and per cent IBA for congregatory and migratory birds-were both hypothesized to be positively correlated with H5N1 outbreaks in poultry. The literature suggests that flooded rice paddies on the one hand, and lakes and wetlands on the other, are both mixing zones in which wild and domesticated birds can come into contact with each other and exchange pathogens. We had accordingly expected both to be positively correlated with outbreaks in poultry. As expected, the proportion of land under rice cultivation was positively correlated with H5N1 outbreaks in poultry. This is in line with the conclusions of earlier studies, as well as with basic intuition. As a ready habitat for both wild birds and freeranging poultry, rice paddy is likely to facilitate infections between wild and domesticated birds.
What was not expected is that we found the proportion of land covered by IBAs to be negatively correlated with H5N1 outbreaks in poultry. This ran counter to our expectations and conflicts with much of the literature. There may nevertheless be a sound ecological rationale. The mere presence of surface water and wetlands, as habitat for pathogencarrying birds, should enhance the likelihood of an outbreak. However, as the size of a lake or wetland increases, the likelihood that wild birds make contact with domesticated birds or that contacts result in infection appears to decrease. Fang et al. [43] found that smaller water and wetland habitats caused birds to congregate in greater density, increasing contact and the probability of transmission [43] . More surface area dilutes waterfowl density, thereby decreasing opportunities for transmission. Additionally, lakes and wetland areas-'natural' habitats-may also offer an alternative to paddy, where freeranging poultry are often prevalent. This segregation effect may be strengthened if the natural habitats are protected, as the majority of the IBAs in China are. The prohibition of agriculture in or near protected lakes and wetlands lowers the likelihood of mixing between wild and domesticated birds. One potential point of interest, or concern, when comparing the results from random-effects regression with those from fixed-effects regression (aside from the fact that predictor variables were more statistically significant across the random-effects models), is that the coefficient on rice paddy was significant and positive for the former but negative and insignificant for the latter. This appears counterintuitive, but the results are similar to those of Baltagi and Pinnoi [79] , a panel analysis of the economic output of US states regressed on a set of state-specific variables [79] . The authors found the same coefficient sign change for the variable public investment, and concluded that this was due to the difference between the short-and long-run effects of the variable, with fixed effects capturing the former and random effects capturing the latter. Additionally, the low rho value for random-effects regression, which measures the amount of variance due to inter-panel differences, points to random effects as being the more appropriate model.
Our second model was a negative binomial regression of H5N1 poultry outbreaks on the same set of risk factors as in model 1. The regression coefficients had the same signs as in the previous model, and again all five variables were statistically significant, with four at the 5% threshold and one at the 10% threshold. IRRs are reported instead of coefficients in table 2. An IRR measures relative risk, and can be interpreted as the factor change in H5N1 outbreaks resulting from a oneunit increase of the associated risk factor, holding all other factors constant. Therefore, the results indicate that a 1% increase in rice paddy cover increases the number of poultry outbreaks by 6%, while the same increase in IBA cover lowers outbreaks by 4.3%. As a proxy for production intensity, a one-unit increase in the log-transformed value of average poultry weight (i.e. doubling the value) lowers the number of outbreaks by 79%. As a proxy for trade, increasing the density of commercial trucks by one vehicle per kilometre of highway increases poultry outbreaks by 9%.
In the third, 2SLS, model, we analysed the risk factors for human infections (results also in table 2). In this case, we treated the presence or absence of H5N1 in poultry as an endogenous variable, and the independent variables analysed in models 1 and 2 as instruments. We found that H5N1 outbreaks in poultry, instrumented on the same set of explanatory factors as in the first and second models, was statistically significant at the 5% level. This, as expected, fits both with epidemiological intuition and with existing medical case studies of human H5N1 infections [75] . By implication, the risk factors that determine the likelihood of outbreaks in poultry also determine the likelihood of human infections.
Of the four second-stage independent variables, three were statistically significant: population size at the 5% level, and per capita GDP and the number of CDC institutes at the 10% level. More people mean a larger pool of potential infections, and thus had a significant positive effect on human cases as expected. Per capita income was selected as a proxy for value at risk. We expected this to be negatively correlated with H5N1 infections, since greater value at risk generates a stronger incentive to undertake preventive biosecurity measures. Our findings on the relationship between CDC institutes and H5N1 infections in people suggests that biosecurity measures have a significant role to play in mitigating human infections. Since the SARS crisis and the initial outbreaks of H5N1, policymakers have invested considerable attention and resources to improving CDC effectiveness [10, 58, 80] . Additionally, Chinese public health authorities have expanded international collaboration to raise domestic standards, and have, for instance, sent CDC staff to receive training from the WHO and the US Center for Disease Control [81] . However, Chinese infectious disease management still has several weaknesses, including a lack of training for health workers in poorer areas and a low per capita level of funding compared to international standards [81] . Greater investment in public health infrastructure and management may help mitigate human infections from avian influenza.
Finally, caveats should be made about the data. As Hogerwerf et al. [32] observe, H5N1 circulation among poultry may be partly undetected, and there is likely to be under-reporting for both poultry and human infections. This may be particularly true for rural areas, where interactions at the human-livestock-wild bird interface are acute, but where infections are less likely to be diagnosed and reported to relevant agencies (as mentioned above, public health management in poorer areas of China often suffers from a lack of funding and training). Certainly, the ratio of reported human cases to the poultry outbreaks appears disproportionately low (41 : 118). Furthermore, the discreteness of poultry outbreaks may not be clear-cut. The numbers of birds 'at risk' and the numbers infected vary from 48 to 581 000 and from 2 to 82 000, respectively. Multiple outbreaks have also been reported at the same location, or adjacent locations, and on the same date. The extent to which these are separate incidents or are part of a larger, continuous outbreak may be blurred by observation and reporting error, which is difficult, if not impossible, to recognize and rectify after the fact. Nonetheless, this dataset offers one of the best available tabulations of H5N1 infections; and the models presented represent, at the very least, a reasonable approximation of a complex epidemiological, ecological and economic phenomenon.
Conclusion
Returning to the conservation question we posed at the outset, our findings have two broad implications for the effect of bird habitat on avian influenza risk. First, since the correlation between outbreaks and rice paddy is positive, H5N1 risk may be treated as among the external costs of the use of paddy as habitat for domesticated birds. The marginal external disease costs of paddy are positive. This is due to the fact that paddy enables close enough contact between domesticated and migratory waterfowl so that the presence of infected birds poses a risk to susceptible birds. Management of domesticated birds to reduce contact with wild birds in paddy would address this risk.
The second, unexpected, finding is that the correlation between outbreaks and IBAs is negative, implying that the marginal infectious disease cost of IBAs is negative. An increase in the area covered by IBAs for migratory and congregatory waterbirds, other things being equal, is associated with a reduction in the risk of H5N1 outbreaks in poultry. While the exact mechanisms behind this result are beyond the scope of this study (they are being explored in another, finer-grained study by the authors), the implication is that an increase in ( protected) natural lakes and wetlands on flyways does not threaten the health of poultry populations (and consequently the livestock industry). At the margin, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160126 there are no disease costs to offset against the conservation benefits of such areas.
Our results on the relation between economic development and infectious disease risks are less unexpected. While growth in trade and transport volumes, and the concentration of people in urban areas are both risk-increasing, the improved biosanitary conditions that come with agricultural intensification, and the investment in public health facilities, are risk-reducing. They are associated with a reduction in the risk of infectious disease outbreaks among animals and people alike. Per capita income growth is closely associated with trade growth, and hence with the disease risks from trade, but it is also associated with many changes that have positive implications for human and animal health. The modernization variables in our set are all negatively correlated with disease risk. Authors' contributions. T.W. and C.P. conceived of the study, designed the study, coordinated the study and drafted the manuscript. T.W. also collected data and carried out statistical analyses.
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Endnotes
1 In China, municipalities (Beijing, Shanghai, Chonqing and Tianjin) and 'autonomous regions' (e.g. Inner Mongolia and Xinjiang) are on the same level of the administrative hierarchy as 'standard' provinces; all three categories are considered 'provincial units', but will be referred to as provinces in this paper for simplicity. 2 We also conducted a regression with clustered standard errors, grouped by regions-e.g. provinces along the Yangtze River were grouped together, while those in the northwest and northeast constituted separate regions. This was done to account for potentially unobserved influences from geophysical and economic correlation among adjoining provinces. However, the results, including both coefficient values and significance levels, were almost identical to those from the first model, so we chose not to report them.
